Introduction
Frontotemporal lobar degeneration (FTLD) is considered one of the most common forms of neurodegenerative dementia after Alzheimer disease (AD) (1) . FTLD includes a wide spectrum of heterogeneous clinical and anatomical conditions, mainly characterized by social dysfunctions, personality changes along with cognitive impairment in language and executive functions (2) . Language deficits are present in progressive non-fluent aphasia (PNFA), which occurs typically with dominant frontotemporal atrophy. If FTLD occurs with anomia and language comprehension impairment, it is named Semantic dementia (SD). When behavioral abnormalities are prominent, and usually associated with non-dominant temporal and frontal atrophy, the label of behavioral variant (bv-FTLD) is used (3, 4) . In addition to social misconduct and cognitive deficits, FTLD is characterized by movement disorders that are variably represented by atypical extrapyramidal syndromes or motor neuron disease (MND). A common genetic and pathological overlap of FTLD with corticobasal degeneration (CBD) and progressive supranuclear palsy (PSP) suggested the inclusion of these relatively rare conditions under the same nosologic group (5) . Several studies provided evidence that clinical and pathological features of FTLD and MND can occur, and therefore the term FTLD-MND is currently used to identify this specific entity (6, 7) .
These different variants of FTLD tend to overlap as the disease progresses to other brain regions. Although with a different profile over time, motor deficits constitute an important disabling aspect, shared among all these FTLD conditions (8) . Brain imaging has been used to characterize the different syndromes, allowing us to explore the involved neural systems, and helping us comprehend their pathogenetic mechanisms (4, (9) (10) (11) (12, 13) . It is known that an impaired cortex inhibition is considered an early feature in MND, and previous studies reported hyperexcitability of the motor cortex in atypical Parkinsonian syndromes (14) (15) (16) (17) (18) . At present, however, intracortical inhibitory and facilitatory functions of motor cortex in FTLD and its variants still need to be completely clarified. We sought to explore this issue by adopting TMS technology, which allows effective, reliable and non-invasive methods for addressing motor cortex physiology, with the working hypothesis to provide a clinical tool for differentiating FTLD variants. Motor cortex hyperexcitability investigated by TMS could account for increased intrinsic excitability of cortical cells, or alternatively a reduced inhibition of cortical circuits. Inhibitory ⁄ facilitatory curves reflecting M1 intracortical excitability can be studied by using paired-pulse TMS (ppTMS) of conditioning and test stimuli, separated by a programmable time interval (19) . We therefore aimed to assess the primary motor cortex inhibitory and facilitatory functions in a clinical series of FTLD specifically using ppTMS paradigm; comparisons were made with: (i) a group of AD patients and control subjects, and (ii) within the FTLD group, considering the different represented variants.
Participants and methods

Patients and participants
The study was approved by the local ethical committees and it included 17 FTLD patients, and 16 controls, including 8 AD patients and 8 healthy control subjects; informed consent was obtained from all subjects. Patients and control subjects were recruited from Department of Neurology, University of Brescia, and from Alzheimer Unit, IRCCS S Giovanni di Dio, Brescia. FTLD patients included seven patients with bv-FTD, three with PNFA and seven with CBD, according to published criteria (3, 5, 20) . In particular, bv-FTD was defined by character change and disorder of social conduct; PNFA was diagnosed when isolate disorder of expressive language was the first symptom with other aspects of cognition relatively well preserved; finally CBD when patients exhibited unilateral rigidity, apraxia, some of them having Ôalien handÕ; in these patients, the extrapyramidal syndrome developed first and was followed by cognitive changes and an additional inclusion criterion was the poor response to levo-DOPA treatment. AD diagnosis was based on criteria from National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) (21) .
Routine laboratory tests including thyroid function, vitamin B12, serum folate and treponema serology were taken for all patients. All patients underwent extensive clinical and neurological examination. For each patient, a structural brain magnetic resonance imaging excluded major causes of cerebrovascular disease and white matter lesions. All FTLD patients underwent single photon emission computed tomography imaging for studying cerebral blood flow perfusion. Global cognitive function assessment was made according to a standardized battery, including the Mini-Mental State Examination (MMSE) (22) . De Renzi Imitation Test was used to evaluate alien apraxia (23) . Motor impairment was evaluated using the motor subscale of Unified Parkinson Disease Rating Scale (UPDRS) III (24) . Instrumental Activities of Daily Living (IADL) and Basic Activities of Daily Living (BADL) were assessed as well (25, 26) . Behavioral and psychiatric disturbances were evaluated by Frontal Behavioral Inventory (FBI) (27) . Patients with mild or moderate cognitive decline (MMSE ‡ 18) underwent extensive cognitive assessment, as described elsewhere (data not shown) (28) . Patients with potentially confounding neurological and psychiatric disorders, clinically known hearing or vision impairment, a past history of alcohol abuse, psychosis, or major depression, were excluded from the study. All AD patients were on chronic administration of cholinesterase inhibitors. The use of other medications, including antidepressant, antipsychotic and benzodiazepine that could interfere with test performance at TMS was considered a further exclusion criterion. For TMS purposes, we excluded CBD with myoclonus at enrollment. Epilepsy-prone patients were excluded by anamnestic data and routine electroencephalogram recording.
Paired-pulse paradigm
The paired-pulse procedure was performed according to standardized methods (19) . TMS was carried out by a Magstim Bistim magnetic stimulator and a circular coil having an inner diameter of 90 mm (Magstim Company Limited, Whitland, UK). A circular coil was used in order to minimize discomfort and optimize compliance from cognitively impaired patients. The coil had an inner diameter of 90 mm; it was centered at the vertex and it was held tangentially to the scalp to excite preferentially the right hemisphere (current in the coil flowing clockwise) or the left hemisphere (current in the coil flowing anticlockwise).The Cz position was marked on the scalp to facilitate an exact repositioning of the coil center during the entire experiment and maintenance of the external edges on the two motor areas. The coil was stabilized and immobilized by means of a mechanical support. Once the coil was immobilized, the resting motor threshold was determined as the lowest stimulus intensity which produced in the first dorsal interosseus (FDI) muscle at least five motor evoked potential (MEP) of 50 lV out of 10 consecutive stimuli (29) . Amplitudes of the ÔtestÕ MEP were measured between the two major and stable peaks of opposite polarity and compared with those of a series of ÔbaselineÕ, unconditioned (not preceded by the conditioning stimulus) MEP. Muscle twitches from either the left or the right hand triggered by TMS were recorded simultaneously from the FDI muscle, via Ag ⁄ AgCl electrodes in a belly ⁄ tendon montage. Skin ⁄ electrode impedance was measured with the dedicated BrainVision module, and was confirmed to be £10 kW. Signal recording was conducted using BrainAmp equipment (BrainProducts GmbH, Munich, Germany) via 1-2000-Hz filter setting and a poststimulus analysis time of 50 ms with a 5-KHz sampling rate. The stimulus intensity for the first conditioning pulse (first) was set at 80% of the resting motor threshold. The (second) test pulse and the ÔbaselineÕ pulses were delivered suprathreshold with an intensity of 120% of the resting motor threshold. Interstimulus intervals (ISI) of 1, 3 and 5 ms were selected to test short-interval intracortical inhibition (ICI). Meanwhile, ISI of 10 and 15 ms were used to test intracortical facilitation (ICF). Up to a maximum of six trials with paired TMS were recorded for each ISI during complete muscle relaxation, whose order was also randomized. The size of conditioned responses (MEP amplitude) was expressed as a percentage of the unconditioned responses and plotted for each ISI. ICI and ICF were separately calculated for both: when the coil was oriented with the current flowing in clockwise as well as anticlockwise directions. Contralateral responses were considered those recorded in the left FDI with the coil oriented in order that the current flowed clockwise (preferential stimulation of the right hemisphere) and in the right FDI with the coil oriented in order that the current flowed anticlockwise (preferential stimulation of the left hemisphere). Ipsilateral responses were those recorded in the reverse order as described before. The amplitude of the conditioned MEP was expressed as the ratio of the ÔbaselineÕ MEP elicited by the test stimulus alone.
Data analysis
One-way ANOVA was performed for socio-demographic and clinical characteristics of patients and control subjects included in the study. One-way ANOVA was performed on ratios (conditioned ⁄ unconditioned response) in order to assess differences over groups (AD, FTLD and controls) and among clinical subgroups of FTLD. Analyses was separately performed for each ISI (1, 3, 5, 10 and 15 ms). Multiple comparisons were corrected by Bonferroni test. The level of significance was set at 0.05.
Results
Main demographic and clinical features of patients and controls are reported in Table 1 . AD patients were significantly aged than FTLD and controls. MMSE score differed significantly between controls and AD (P = 0.0005), and FTD (P = 0.03) patients. Moreover, AD patients had lower ADL score as compared with controls (P = 0.02). Among FTLD subgroups, PNFA patients had significant lower MMSE score than CBD (P = 0.03), and bv-FTD (P = 0.008). CBD patients showed a lower score at De Renzi Imitation Test for right limb, and a higher score at UPDRS III.
Resting motor threshold
The resting motor threshold was as follows: AD, mean (M) = 51. 
Contralateral responses
No significant difference was found among AD, FTLD and controls for ICI and ICF (P > 0.05), for responses recorded both when coil excited preferentially the right hemisphere (current in the coil flowing clockwise) or the left hemisphere (current in the coil flowing anticlockwise) (Fig. 1A) .
For the right hemisphere, considering only FTLD subgroups, we found a significant main effect of group [F(3, 21) = 3.78, P = 0.03)] only for ISI3. Post-hoc analysis revealed than CBD showed significant reduced inhibition (123%) than controls (29%, P = 0.05) and bv-FTD (34%, P = 0.02) (Fig. 1B) .
For the left hemisphere, considering only FTLD subgroups, we found a significant main effect of group [F(3, 21) = 3.21, P = 0.04)] only for ISI3. Post-hoc analysis revealed that CBD showed significantly reduced inhibition (98%) than controls (31%, P = 0.05) (Fig. 1B) .
Ipsilateral responses
No significant difference was found among AD, FTLD and controls for ICI and ICF (P > 0.05), for both hemispheres. For the right hemisphere, considering only FTLD subgroups, we found a significant main effect of group [F(3, 21) = 4.65, P = 0.01)] only for ISI3. Post-hoc analysis revealed that CBD showed significantly reduced inhibition (93%) than controls (31%, P = 0.03) and PNFA (15%, P = 0.01). No significant difference was found for the left hemisphere among FTLD subgroups.
Two out of seven CBD patients showed only ipsilateral responses to stimulation and no contralateral MEP (Fig. 2) . 
Discussion
FTLD is currently differentiated in different variants, and these clinical distinctions have specific imaging and pathological correlations. The mismatch, however, between clinical pictures and pathology makes the present classification largely unsatisfactory in clinical practice (30) . In this study, we approached these issues, employing the ppTMS paradigm, and applying it to a group of FTLD patients. In the first instance comparisons were made among FTLD, AD and a control group, and second within the variously represented FTLD variants, with the attempt to evaluate the inhibitory (ICI) and facilitatory (ICF) functions of motor cortex. ICI and ICF result from the balance between intracortical inhibitory circuits mediated through gamma-aminobutyric acid (GABA)ergic transmission, and excitatory activity mainly sustained by glutamate modulation (31) .
In the present study, we showed that AD and FTLD preserve normal inhibitory and facilitatory functions of motor cortex as compared with the controls. Increased motor cortex excitability has been demonstrated in AD by different studies, but the underlying mechanisms are still to be completely defined (13, 32) . In our AD patients, normal ICI functions reflected a still intact GABAergic inhibitory tone, in early stages of the disease. These data suggest the hypothesis that the previously observed motor cortex hyperexcitability may reflect impairment in cholinergic activity, but at the same time may be the result of an abnormal N-methyl-D-aspartic acid transmission, thus providing an additional rationale to treatments with cholinesterase inhibitors and memantine for AD at disease onset (33) .
When considered as a whole, our FTLD patients exhibited normal patterns of ICI and ICF, similar to what was found in other experimental settings (12, 13) . Notwithstanding, within the represented FTLD variants, CBD patients were selectively impaired in inhibitory functions compared with the other subgroups. This suggests that GABAergic circuits might be defective in these patients, but relatively preserved in bv-FTD and PNFA. CBD was known to be characterized by an abnormal cortical excitability, that has been attributed to a reduced cortical and transcallosal inhibition, and to an enlargement of cortical map for hand representation; ispilateral motor responses were also previously observed (16, 18) . In our experimental settings, the use of the circular coil gave a further demonstration of this phenomenon, that may be related to the peculiar clinical characteristics of CBD, particularly in transcallosal transmission (34, 35) . The level of motor impairment as documented by worse UPDRS score and apraxia deficits by De Renzi Imitation Test in CBD may account for such differences in ppTMS paradigm as compared with bv-FTD and PNFA. We acknowledge that these results have some limitations: the data should be replicated in a larger sample size, including PSP and FTLD-MND patients, but we can argue that TMS may help clinicians in the challenging issue of clinical diagnosis within FTLD variants. Eventually, the observed deficit in ICI functions of CBD motor cortex may provide a possible explanation of one of the core features of this disease, such as cortical myoclonus. Indeed, the GABA neurotransmission involvement further supports a potential framework for an evidence-based treatment with GABAergic medications in CBD.
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Test stimulus Figure 2 . Coil oriented in order that the current flowed clockwise with preferential stimulation of the right hemisphere: representative ipsilateral motor-evoked potential in a corticobasal degeneration patient.
